Recyclable transmission lines (RTL)s are being studied as a means to repetitively drive z pinches to generate fusion energy. We have shown previously that the RTL mass can be quite modest [S.A. Slutz, C.L. Olson, and Per Peterson, Phys. Plasmas, 429, 2003] Minimizing the RTL mass reduces recycling costs and the impulse delivered to the first wall of a fusion chamber. Despite this reduction in mass, a few seconds will be needed to reload an RTL after each subsequent shot. This is in comparison to other inertial fusion approaches that expect to fire up to ten capsules per second. Thus a larger fusion yield is needed to compensate for the slower repetition rate in a z-pinch driven fusion reactor. We present preliminary designs of z-pinch driven fusion capsules that provide an adequate yield of 1-4 GJ. We also present numerical simulations of the effect of these fairly large fusion yields on the RTL and the first wall of the reactor chamber. These simulations were performed with and without a neutron absorbing blanket surrounding the fusion explosion. We find that the RTL will be fully vaporized out to a radius of about 3 meters assuming normal incidence. However, at large enough radius the RTL will remain in either the liquid 4 or solid state and this portion of the RTL could fragment and become schrapnel. We show that a dynamic fragmentation theory can be used to estimate the size of these fragmented particles. We discuss how proper design of the RTL can allow this schrapnel to be directed away from the sensitive mechanical parts of the reactor chamber.
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I. Introduction
Z pinch physics has developed rapidly in the last few years. Nearly 2 MJ of thermal xrays have been generated by this approach 1 with an overall efficiency greater than 15%, and much higher efficiencies should be possible with pulse power machines optimized for efficiency. Z-pinch generated thermal x-rays have been used to drive hohlraums 2 to temperatures greater than 200 eV, which were used to drive fusion capsules. One inertial fusion scenario 3 is to use two Z pinches to drive a central hohlraum containing a fusion capsule. Since Z-pinch implosions are subject to the Rayleigh-Taylor instability, this approach has the advantage of separating the nonuniformly emitting Z-pinch implosion from the inertial fusion capsule, but at the price of relatively low efficiency. Calculations 3 indicate that high yields (~400 MJ) could be obtained with 16 MJ of x-ray energy provided by two pinches driven with approximately 60 MA of current each. An alternate scheme 4 could provide much higher efficiency and thus lower the driver energy. In this "dynamic hohlraum" approach, a Z-pinch plasma is imploded onto a "convertor," which surrounds the capsule. Numerical simulations 5 indicate that a single pinch with 12 MJ of kinetic energy (55 MA) could drive a 500 MJ yield capsule, using this approach. Recent experiments indicate that the radiation generated within this convertor is relatively unaffected by the Rayleigh-Taylor instability 6 indicating that this higher efficiency approach may indeed be feasible.
Pulse power machines are robust and inexpensive when compared to other approaches for generating high energy densities, such as lasers or heavy ion beams, and the capability to operate reliably at high repetition rates has been demonstrated at small scale 7 . Thus pulsed power driven Z pinches could be an attractive approach to inertial fusion energy.
However, a z-pinch driven fusion explosion will destroy a portion of the transmission line that delivers the electrical power to the z-pinch. On the present Z machine, these electrodes are constructed from ten tons of stainless steel. The cost of repairing the transmission line would outweigh the value of the energy created by the fusion explosion. Thus, up until recently, it has been assumed that this technology is limited to single-shot experiments.
Various means of providing standoff for z-pinch have been suggested. The most promising concept is the Recyclable Transmission Line (RTL), which emerged at a workshop 8 at Sandia National Laboratories and was developed further at the Snowmass 9 workshop on Fusion Energy. The idea is to construct the final portion of the transmission lines out of material that can be recycled inexpensively. The RTL concept is depicted schematically in Fig. 1 . ously performed power flow tests, which indicated that either tin or aluminum could be used for this purpose 10 . Recent analysis suggest that the entire RTL could be constructed from an alloy of iron/carbon/tungsten. The components of this alloy are inert and immiscible in flibe, and will form a solid precipitate that can be recovered mechanically from the molten flibe by filtering and centrifugation processes. Activation products from these materials have relatively short half lives, so no long-lived radioactive waste would be generated. By maintaining carbon and tungsten concentrations around 1-2% by weight, the iron maintains the properties of steel and can be formed using the same processes used for fabricating sheet-metal components of automobiles, although remote fabrication will be required due to the activity from short-lived activation products.
Note that fluorine bearing materials such as flibe or LiH are common to fusion reactor design and serve two purposes. First, the lithium will absorb neutrons from the DT fusion reaction. This will produce the tritium needed for subsequent capsules and also protect the first wall from neutron damage. Second, this material will reduce the pressure generated at the first wall by the fusion explosion and thus reduces the standoff distance that is required to avoid damage. Ion beam driven inertial fusion schemes introduce this material as liquid waterfalls. The RTL concept allows these neutron blanket materials to be inserted as a solid very close to the fusion explosion as shown schematically in Fig. 1 . Note that placing the neutron blanket close to the fusion explosion minimizes that amount of blanket material that is required to adequately protect the first wall from the neutrons.
The fusion yield must be large enough to compensate for the cost of recycling each RTL. We have estimated that a yield of 1 to 4 GJ should be sufficient. This is significantly larger than the yields of capsules designed for laser or ion beam fusion, which are about 150-700 MJ. We show in section II that both the double pinch and the dynamic hohlraum approach the z-pinch driven fusion can be scaled up to yields greater than a GJ but large currents (~ 100 MA) may be required.
In a previous report 11 , we investigated the option of using low mass transmission lines 
where R T is the outer radius of the RTL (~3 m) and is the minimum electrode areal density required for efficient power transport. We found that a carbon steel electrode with a thickness of 100 µm ( kg/cm 2 ) would efficiently transport up to 100 MA of current for a distance of several meters to a z pinch. This corresponds to an RTL mass of about 45 kg. Although this is drastically smaller than the present transmission line on the Z machine (~10 tons), it is much more mass than contained in the inertial fusion pellet (< 1 g) and will thus have a large effect on the impulse delivered to the first wall and the pulsed power driver. However, it should be noted that a neutron blanket capable of protecting the first wall will have a mass larger than the RTL.
It is our intent to minimize damage to sensitive components of the pulsed power driver by designing the RTL so that debris from the explosion will be directed away from the sensitive permanent electrodes. One possible scenario is to place the fusion capsule above an essentially disk shaped RTL so that the explosion will drive the debris downward into a pool of liquid flibe at the bottom of the reactor chamber as shown in Fig. 1 . We are developing the capability to simulate the effect of the fusion explosion on the RTL and the reactor chamber. Ultimately these simulations will be 2D, but considerable information can be obtained with a series of 1D simulations. These simulations are presented in section III. A theory of dynamic fragmentation is outlined in section IV and an equation is developed to estimate the size of schrapnel fragments at radii large enough so that the RTL is not fully vaporized. A discussion of the implication of these results is presented in section V.
II. High Yield Z-pinch Driven Fusion Capsule for Energy
A promising inertial fusion scenario is to use to use two z pinches 3 to drive an external hohlraum containing a fusion capsule. The wire arrays stagnate and generate x-rays which first fill the primary hohlraums shown in Fig. 2 . The x-rays, which are thermalized in these primary hohlraums, then flow into the secondary hohlraum. The calculated radiation temperature at the capsule is shown in Fig. 3 for the case of 16 MJ radiated by the two pinches. In the double pinch approach a large fraction of the x-ray energy is absorbed by the hohlraum walls. This reduces the energy coupled to the capsule. The dynamic hohlraum is a more efficient approach to generating thermal radiation from z pinches. The dynamic hohlraum generates intense thermal radiation by driving a z-pinch plasma in a 'convertor', which is typically made of a low density material such as a plastic foam. A capsule can be located within the convertor as depicted in Fig. 7 .
Fig. 7 Schematic of a dynamic hohlraum
The z-pinch plasma can be generated from a wire array or a solid liner. The implosion velocity of the z-pinch must be sufficiently high (> 20 cm/µs) to efficiently generate radiation. To obtain these velocities the z-pinch must be low mass (few 10s of mg/cm). Thus wire arrays have been the most successful since it is difficult to construct low mass liners without wrinkles, which seed the Magneto-Rayleigh-Taylor (MRT) instability. The mass of the z pinch can be increased with larger drive currents but the optimum initial wire radius also increases so wires may still be required for high yield designs.
When the z-pinch plasma strikes the convertor, a shock wave is formed, which propagates inward into the convertor. This shock wave heats the convertor material, which then emits radiation. A material of low opacity (typically a plastic foam) is chosen for the convertor so that radiation can easily flow inward to heat the ICF capsule The z-pinch plasma is composed of a material with high opacity (e.g. tungsten) to minimize the outward flow of radiation and thus achieve maximal hohlraum radiation temperatures. The z-pinch plasma forms the walls of a hohlraum with much smaller dimensions than the walls of the double-ended z-pinch driven hohlraum and thus the dynamic hohlraum has less radiation loss and generates higher radiation temperatures.
Detailed numerical simulations 5 using Lasnex 12 indicate that a dynamic hohlraum could drive a moderately high yield capsule (500 MJ) with approximately 12 MJ of energy delivered to a single z pinch. This is roughly 75% of the energy that must be delivered to the double-ended z-pinch driven hohlraum. In addition, only two electrodes are required to drive the dynamic hohlraum, which is a significant advantage for energy applications.
[Note that the double pinch can also be driven with one power feed (two electrodes), but with an energy penalty of roughly 15%.] A schematic of the dynamic hohlraum design is shown in Fig. 8 . We have performed a preliminary scaling of this design to higher yields. The new dynamic hohlraum configuration is shown in Fig. 10 . helps to extract energy from the inward propagating shock wave. This phenomenon has been referred to as 'ablative standoff' in previous work 5 . The resulting radiation temperature profile is shown in Fig. 11 . Fig. 11 The radiation temperature profile of a scaled up dynamic hohlraum This radiation temperature profile was then used to drive a 1-D spherical capsule with the dimensions shown in Fig. 12 . Fig. 12 The 4.6 GJ capsule parameters
The capsule absorbed 7.2 MJ of x-rays and produced a fusion yield of 4.6 GJ. The peak fuel ρr was 4.7 with a fuel burn up of 37%. The peak implosion velocity was 21 cm/µs and fuel kinetic energy was 38% of the maximum at the time of ignition. These parameters are indicative of a robust design. This capsule was not extensively optimized so higher performance should be possible. It should also be noted that the fast ignition concept 13 could substantially lower the drive requirements of such a large yield capsule. We plan to investigate this possibility and perform fully integrated 2-D simulations in the near future.
Although more capsule design work is needed, we are confident that 100 MA should be sufficient to drive fusion capsules with yields of several gigajoules.
III. Fusion Explosion/RTL simulations
As we have discussed the RTL mass should be minimized to lower recycling costs. We found that an RTL mass of about 45 kg should efficiently transport 100 MA up to several meters 11 , which is sufficient to drive a several gigajoule fusion capsule with standoff from the permanent pulsed power components. Although this RTL mass is drastically smaller than the present transmission line on the Z machine (~10 tons), it is much more mass than contained in the inertial fusion pellet (< 1 g) and will thus have a large effect on the impulse delivered to the first wall and the pulsed power driver. At first this may seem to be a problem specific to the RTL approach to z-pinch driven fusion. However, both the ion beam and indirect drive laser driven fusion approach to inertial fusion energy typically assume liquid waterfalls of a lithium bearing compound to protect the chamber wall from 14 MeV neutron damage and breed tritium. The mass of this material is minimized if it is placed near the fusion capsule as shown in Fig. 1 . Lithium-hydride will be the most effective material to stop neutrons and still breed tritium 14 . A mass of roughly 50 kg is needed to stop 90% of the neutrons, which is comparable the RTL mass. An even larger mass of about 150 kg is needed to produce as much tritium as would be used by a 50/50 DT capsule. Note that the fusion energy absorbed by the neutron blanket can be efficiently converted to electricity by the MHD process 14 .
It is our intent to minimize damage to sensitive components of the pulsed power driver by designing the RTL so that solid and liquid debris from the explosion will be directed away from the sensitive permanent electrodes. One promising geometry is shown in Fig.   1 . The capsule is placed above the disk shaped portion of the RTL so that the radiative ablation will drive the RTL downward. The blast from the explosion will also have a downward component and thus the debris will fall into a pool of liquid coolant (e.g. flibe)
at the bottom of the reactor chamber. We are developing the capability to simulate the effect of the fusion explosions on the RTL and the reactor chamber. We start by simplifying the geometry of the RTL and the fusion capsule as shown in Fig. 13 . Here the RTL is represented by a single disk (representing both electrodes) with the fusion capsule extended from this disk by a stalk (coaxial part of the RTL, see Fig. 1 ). The capsule is essentially surrounded by electrode material. For simplicity in our initial simulations we lump all of the RTL material into a single spherical shell of 100 µm thick carbon steel with a radius of 8 cm. 
DRTL
At the time of ignition the z-pinch driven capsule will be surrounded by z-pinch wires and the convertor material. We lump these materials into a single region of mixed materials that we call the inner materials or IM. The IM consists of the capsule (~0.1 g CH and 0.03 g DT), the z-pinch wires (~0.13 g W) and convertor material (~0.2 g CH 2 ). We assume a fusion yield of 4 GJ of which only 20% will heat IM directly since the neutrons have a long range. The IM will heat up and expand, ultimately driving a shock wave into the IRTL. We have simulated this process using the Alegra 15 code. The radius of the outer IM surface and the inner and outer surfaces of the IRTL are plotted as a function of time in Fig. 15 . The IRTL is heated by a shock wave produced by the expanding IM. It is also heated directly by x-rays emitted from the hot IM. Since iron has a high opacity these xrays will essentially diffuse through the IRTL. This process is handled by multigroup diffusion in the Alegra code. In response to shock and radiation heating mechanisms, the outer surface of the IRTL will become hot and emit x-rays. In the absence of a neutron blanket surrounding the shell these x-rays will radiate into the reactor chamber heating both the DRTL material and the If the neutron blanket is present these x-rays will heat the blanket, which will also be heated by the neutrons. In this later case, the outer boundary of the blanket will radiate x-rays that will heat the DRTL and the chamber wall. We have performed simulations both with and without a neutron blanket. The neutron blanket was assumed to be flibe at a density of 2.3 g/cc and an outer radius of 11.4 cm. A separate Monte Carlo neutron transport calculation indicated that 70% of the 14 MeV neutrons will be stopped in this blanket. Note that considerably thicker neutron blankets (e.g. 25 cm radius LiH) 14 will be required to stop the low energy neutrons and generate as much tritium as used by the capsule. The Alegra simulations, which used multigroup diffusion, indicate that the spectrum emitted from either the IRTL shell or the outer boundary of the neutron blanket was essentially Planckian, except for an initial spike of high energy photons that can penetrate the IRTL. The radiation temperature at these surfaces is plotted in Fig. 16 . Fig. 18 and Fig. 19 . The sharp initial spike in the pressure (Fig. 18 ) is due to the high energy component of the radiation spectrum the penetrates the IRTL. Impact of the IRTL plasma generates the pressure shown in Fig. 19 . As can be seen the hydrodynamic pressure is as large as the pressure produced by radiative ablation, but extends over a longer period of time. The impulse delivered to the DRTL or a first wall is found by integrating these curves.
The results for simulations without a neutron blanket are plotted in Fig. 21 and the results with a neutron blanket are plotted in Fig. 22 . The curves are labelled with the distance between the IRTL and the DRTL. As can be seen the neutron blanket significantly increases the impulse delivered. ever, at radii larger than 3 meters the DRTL could remain solid or liquid. In this case we expect the pressure loading and release to fragment the RTL into schrapnel. These fragments could be harmful to the permanent transmission line or the reactor first wall. In the next section we present a theory of fragmentation that allows one to calculate the expected fragment size based on the rate of strain.
IV. Fragmentation of an RTL
The explosion of the fusion capsule, as calculated in the last section, can generate shock waves in the adjacent sections of the RTL. These shock waves are first generated by radiation ablation of the RTL by x-rays. An even stronger shock is then driven into the RTL by the material swept up by the explosion. Near the fusion explosion the shock will be strong enough to fully vaporize the RTL. However, at further distances the shock will leave the RTL in either a liquid or solid state. The pressure release at the edge of the RTL will generate shrapnel (liquid droplets or solid fragments), which can damage the sensitive components in the reaction chamber. A shock wave or the intense deposition of radiant energy on, and immediately within, the surface of a solid results in rapid heating of the material which is converted to thermal kinetic energy of the lattice and electronic structure 18 . The subsequent stress waves and decompression of the heated material can result in fragmentation of high-temperature solid, liquid and liquid-vapor matter.
An end-state theory of dynamic fragmentation based on balance of interfacial and dissipative energies resisting destabilization and breakup, and the energies of dynamic expansion, has been proposed 18, 19 . The theory has been applied with some success to simple liquids, and to solids based on idealized models of toughness-controlled fracture (brittle spall) or plasticity-dominated hole growth and coalescence (ductile spall).
At temperatures above about 50% of the melt temperature, , the mobility of dislocations in most metals increases significantly, so that large levels of plasticity can be Under intense loading conditions the high entropy production in the shock process can be sufficient to cause the melting of metals when the dynamic pressure is released. The resulting fragments will be droplets. An energy based theory of spall and fragmentation in liquids has been developed 20 . This theory appears to correlate the relatively small base of dynamic fragmentation data available 18 . The principal mechanisms that inhibit fragmentation are the energy required to generate new surface area and viscous dissipation during the spall void growth and coalescence. The energy analysis predicts that surface energy dominates at lower fragmentation strain rates with a spall strength and average particle radius given by and ,
where ρ is the density, c s is the sound speed is the strain rate, and γ is the surface energy per unit area of new fragment surface. At higher strain rates a transition to viscous-dissipation dominates fragmentation giving P sv 6ρ 2 c s 2 γ ξ ( )
where η is the Newtonian viscosity. For liquid metals with η of the order of 10 -3 Pa-s, the transition to viscosity-dominated fragmentation occurs at a strain rate of about 10 12 /s.
The surface tension and the surface energy of a liquid both depend on the temperature.
For liquid metals, the van der Waals relation 21 , ,
has been used successfully to describe the temperature dependence of the surface tension σ up to the critical temperature , where σ 0 and n are constants. The surface energy γ is thermodynamically related to the surface tension through the relation 18 .
Using Eq. (4) we obtain the expression .
The van der Waals constants σ 0 and n can, in principle, be determined from measurements of the surface tension and its first derivative at the melt temperature. Working with Eq. (4) and its first derivative, the relations and (7) are obtained. The subscript m refers to properties evaluated at the melt temperature. The point is that we assume that fragmentation occurs at the melt temperature.
Substantial surface tension data exists for liquid metals 21 . However, data for the temperature derivative of the surface tension are not known with sufficient accuracy to constrain n. A more successful approach 22 is based on a general observation relating the surface tension to the temperature decrement below the critical temperature, ,
where A is the molecular weight and k is a constant. Using Eq. (8), one obtains ,
where is the coefficient of thermal expansion at the melt temperature. Values of n ranging from about 1.1 to 1.7 are calculated for liquid metals Substituting these values into Eq. (6) we find the surface energy at the melt temperature is, γ m = 2 J/m. Then using Eq. (2) we find the droplet size as a function of the strain rate, .
Thus the fragment size can be expected to increase with distance from the fusion explosion. In the last section simulations were performed to estimate the effect of a 4 GJ fusion explosion on the surrounding RTL. In all the cases we simulated the RTL is fully vaporized so no fragments could result. However, just to get a feeling for Eq. (10), consider the results for an RTL at radius of 50 cm and no neutron blanket. The shock breaks out of the back of the RTL about 10 µs after the explosion and the maximum strain rate is 1. However, larger, but slower fragments would be generated at larger radii. Ultimately we intend to simulate the RTL response to fusion explosions at varying distances and conditions (e.g. presence of a neutron blanket) and use Eq. (10) to estimate the spectrum of fragment sizes.
V. Summary
The RTL approach to repetitive z pinch driven fusion requires a substantial fusion yield to offset the cost of recycling. We have presented preliminary numerical designs of fusion capsules with yields of 1-4 GJ, which should be adequate for fusion energy applications.
The effect of the fusion explosion on the RTLs has been investigated numerically. We have performed 1-D simulations to estimate the radiation that will emanate from the fusion explosion and the effect of this radiation on portions of the RTL at various distances from the center of the explosion. We find that the presence of a neutron blanket around the explosion can significantly reduce the radiation. The RTL material within 3 meters of the explosion will be immediately vaporized assuming normal incidence. RTL material at sufficiently large radius or with a nonnormal incidence could possibly become schrapnel.
We present an end-state theory of dynamic fragmentation based on balance of interfacial and dissipative energies resisting destabilization and breakup, and the energies of dynamic expansion to calculate the size of the schrapnel particles. We plan to use this theory to estimate size of schrapnel particles. The fragments will be larger at distances further from the explosion. It should be possible to direct these fragments away from the sensitive permanent transmission line components by proper shaping of the RTL. As future work we plan to perform full 2-D simulations of the fusion explosion and its effect on the RTL to demonstrate this.
